Abstract Bamboo is a composite material reinforced axially by fibers called vascular bundles. In this paper, the mechanical stripping method was used to isolate vascular bundles from moso bamboo (Phyllostachys edulis), China's most important commercial bamboo species. The paper focuses on analyzing the suitability of this method for measuring the mechanical properties of single vascular bundles with respect to their location within a bamboo culm. Using a confocal laser scanning microscope (CLSM) and video extensometry testing technique, we found that the tensile mechanical properties of vascular bundle can be determined with great accuracy. The method relies on mechanical stripping to prepare samples at a length scale from individual bamboo, which traditionally increases the difficulty of conducting tests. Therefore, to determine the elastic modulus of vascular bundle material, video extensometry was used for efficient strain detection in tensile experiments. This type of sample preparation minimizes the usual problems encountered when mounting samples. The cross-sectional area of the vascular bundle was determined by CLSM measurement using an ultramicrotome as a cutting tool. Applying this method, the elastic modulus and tensile strength of the vascular bundle of moso bamboo were measured to be *44.67 GPa and *709.96 MPa, respectively. It is noteworthy that the tensile mechanical properties of the fibrous sheath areas are higher than those observed over the whole area.
Introduction
Bamboos have a hierarchical gradient structure, that is, a macroscopic gradient structure in culm diameter and a microscopic one in the bundle sheath distribution [1] [2] [3] [4] . A bamboo culm is made up of two kinds of cells, matrix tissue cells (parenchymatous) and sclerenchyma cells (vascular bundle) [5, 6] . Vascular bundles made up of sclerenchyma cells act as reinforcement in bamboo. The mechanical properties of single vascular bundles are of interest to researchers because they determine the mechanical performance of hierarchically structured bamboo and bamboo-based composites [7] [8] [9] . Many applications related to the properties of vascular bundles are reported, but the correlation of structure with mechanical properties at the scale of an individual vascular bundle is not yet fully understood. Bamboo scrimber, which is reconstituted the bamboo beam, is typical representative of them, and its performance is better than bamboo because of the homogeneous distribution of vascular bundles; it is used in decoration, furniture, architecture and pack [10, 11] . Original bamboo fiber and bamboo composite pressure pipes are another form of unitization that both mainly use the flexibility of the vascular bundles [12] . Therefore, the study of vascular bundles of bamboo is a reasonable approach for improving the utilization of bamboo according to its properties.
Mechanical properties related to fiber bundles of bamboo have previously been measured [2, 13] . Amada et al. [14] found a tensile strength of 0.61 GPa and a tensile modulus of 46 GPa for bamboo fiber bundles, which were indirectly calculated based on the volume ratio of fibers to parenchymal cells and the macroscopic tensile modulus and strength of bamboo. Yang et al. [15] reported a tensile strength and tensile modulus of 547.68 MPa and 27.60 GPa, respectively, at twelve replicates for moso bamboo fiber bundles, using the same calculation method.
On the other hand, few studies have experimentally analyzed the mechanical properties of bamboo vascular bundles. Among existing literature, Ye [16] reported the tensile strength of moso bamboo vascular bundles to be 950 MPa by picking 60 specimens using a blade, while the paper gave no tensile modulus value. Recently, Shao et al. [17] found the tensile strength and modulus of 71 specimens of fiber bundles of moso bamboo detaching and pulling them out from ground tissues at an angle of 10°to be 482.2 ± 108.32 MPa and 33.9 ± 8.16 GPa, respectively, while the cross-area of fiber bundle was measured under a microscope equipped with an image analysis system. Furthermore, Li et al. [18] have also shown that it is possible to extract vascular bundles of a moso bamboo using a 10 wt% alkali treatment method which resulted in significant change in cross-sectional shape [19] [20] [21] [22] , and, in this case, the cross-sectional area of the vascular bundle was measured from an image taken under an optical microscope.
In this paper, we found the tested tensile strength and modulus of bamboo vascular bundles were nearly 1.5 and 1.3 times than the data collected by Shao et al. for moso bamboo vascular bundle, respectively. In previous early mentioned studies, the elastic modulus of vascular bundle has been determined from a tensile test, where in most instances, vascular bundle strain was calculated according to crosshead movement or mathematical calculation. The area of the vascular bundles was measured using an image analysis system or optical microscope. However, both methods having some disadvantages, with the boundary of image analysis systems being often blurred, the surface shape information of optical microscope will be lost.
The aim of the present study is to develop a measurement technology for recording load-elongation curves, which is based on a general method for a precise strain determination for vascular bundle test that uses video extensometry. Another advantage of the method is that the cross-sectional area of the sample can be measured with great precision with the aid of a confocal laser scanning microscope.
Materials and methods

Sample preparation
Four-year-old moso bamboo samples were taken from a plantation located in Huangshan city, Anhui Province, China. Straight cylinder internodes were cut at heights of 1 m from the bottom of the bamboo culm. Straight strips with a length of 100 mm and a width of 20 mm were then cut perpendicular to the radial direction at the thicker end of each culm section (Fig. 1a) . Each strip was analyzed to determine the mechanical variation of vascular bundles in the radial direction (Fig. 1b) . Subsequently, sample slices were steeped in water for 48 h. Single vascular bundles were then carefully removed from the soft slices by hand under a stereo-microscope with a razor blade (Fig. 1c, d ). To prevent bending caused by different shrinkage rates of vascular bundles and surrounding parenchyma throughout the seasoning process, the vascular bundles were kept straight, while the surrounding parenchyma was totally eliminated. Finally, to ensure no tissue had occurred during the manual extraction process, the straight vascular bundles were then carefully examined under a microscope.
Tensile test
Once the samples were prepared, a tensile test was carried out using a universal mechanical testing machine (Instron Microtester 5848, USA). The test was conducted with a crosshead speed of 1.5 mm/min and a load cell capacity of 500 N. The strain gauge length of the vascular bundles (about 50 mm) was determined using two black spots on the vascular bundles, as well as via indirect detection with a video extensometry from the machine path (Fig. 2a) . As the black spot surrounded the vascular bundle, the video extensometer can capture any slight deformation of the vascular bundle in tension. Four pieces of trapezoidal Poplar veneer with 25 mm length and 1 mm thickness were also glued on the ends of the specimen to avoid any specimen slide from the clamps (Fig. 2b) . Tensile testing was carried out under an environment of 20°C at 45-50 % RH. 75 samples were tested. For the calculations, the areas of every broken vascular bundle were determined with a confocal laser scanning microscope (Meta 510 CLSM, Zeiss).
Area measurement
The broken vascular bundles of approximately 20 mm in length were firstly dehydrated using alcohol-Spurr resin solutions of different strengths, ranging from alcohol 50 %, alcohol 70 %, alcohol 90 %, alcohol 100 %, alcohol:Spurr resins = 2:1, alcohol:Spurr resins = 1:1, alcohol:Spurr resins = 1:2, and Spurr resins 100 %. Secondly, the vascular bundles were embedded vertically in the Spurr resin and cured in a plastic mold. After curing, the cross-section of the samples was cut using an ultramicrotome. The ultramicrotome is equipped with a glass knife to obtain a very smooth and thin slice, which in this study, for indenting purposes, was 1.5 lm thick. Thirdly, these slices were immersed in 0.1 % acridine orange solution for 20 s and then rinsed in distilled water several times. Finally, the vascular bundle slices were imaged with a 109 objective. The area of vascular bundle was then measured with software provided by the instrument producer.
Calculation
Load-elongation curves were converted to stress-strain curves, with the tensile strength and modulus obtained based on the different area of vascular bundles.
Results and discussion
The anatomical features of vascular bundles in the moso bamboo
The distribution of vascular bundles in the bamboo crosssection is shown in Fig. 1b . From the image, we could observe that the vascular bundles close to the outer periphery are smaller and denser, while those close to the inner periphery were larger and more sparsely spaced. These findings were consistent with the observations of Ray et al. [23] . Earlier work by Ghavami et al. [2] identified this distributions was functionally graded. Vascular bundles arranged in oblique rows and multiple lines. In the cross-section, the morphology and size of the vascular bundles located from the outer to inner sections of the culm also had significant differences. The outer vascular bundles (3/5 of the bamboo wall thickness) showed a dense distribution and smaller in size. They were mainly made of fiber wall accompanied by rudimentary vessel. The morphology of inner vascular bundle was far more stable with a fully developed vessel. There were two different forms of vascular bundles, one was semi-open and others were open.
The semi-open vascular bundles were mainly distributed in the outer layer, while the open vascular bundles were found in the inner layer. The outer vascular bundles were often arranged in staggered rows, where they gradually increase in size when moving from locations at the periphery to the middle. By comparison, the inner vascular bundles had a disorderly arrangement yet consistent morphology. The ratio between the radially maximum length and the tangentially maximum width (R/T) of the vascular bundle I was slightly larger near to the outer sections of the culm. From the outer to inner section, the ratio of radially maximum length decreased gradually, while the tangentially maximum width increased. Therefore, the R/T ratio was almost constant near the cavity. In general, the characteristic variations in the vascular bundles depended on the position in the radial direction.
The tensile test for single vascular bundle
Due to the difficulties using experimental tests, there was very little literature available on how to take direct measurements of the mechanical properties of single vascular bundles. In particular, the precise measurement of a single vascular bundle area was not reported. Yet, this plays an important role in calculating the mechanical strength and Young's modulus. Most researchers currently studied the vascular area of bamboo using ordinary optical microscope to achieve rough measurements [1, 18] .
In this paper, a novel method for measuring the area of vascular bundle of bamboo which uses CLSM to give a precise measurement of both the vascular bundle area and its components was now being presented. The main advantage of this new method compared to previous ones was that the accuracy of measurements had been greatly improved due to the clear interface between the fiber sheath and parenchyma in the CLSM.
The shape, including the vessel interior, parenchyma and sieve tubes, was analyzed using the new method in this study. For an easier calculation, the parenchyma and sieve tubes were regarded as a single entity, called the integrated porous. The single vascular bundle could be seen as a combination of the integrated porous and the fibrous sheath. The measuring area of a single vascular bundle included the whole area of the vascular bundle (A v ), the area of the integrated porous (A p ) and the area of the fibrous sheath (A f ). The typical measurements of vascular area are shown in Fig. 3 .
The typical stress-strain curves derived from tensile tests on the vascular bundles are shown in Fig. 4 and present a linear-elastic behavior for loading. The elastic modulus of the materials was determined using Hooke's law, assuming a uniform cross-section. This assumption was confirmed by area measurements for five different positions along a single vascular bundle (Fig. 5) . The length of the vascular bundle was 10 cm, with area measurement every 2 cm. 
The calculation mechanical properties of vascular bundles
The elastic modulus and tensile strength determined from the loading curves and different areas are shown in Table 1 . Taking its cross-section into consideration, the ultimate tensile stress of vascular bundles ranged from 458.80 to 709.96 MPa, whereas their modulus of elasticity ranged from 28.77 to 44.67 GPa. These values were calculated based on the whole vascular bundle cross-section. These results agreed with the previous findings. Zhang et al. [24] found that tensile modulus of Moso bamboo at locations closer to the outer surface of a culm was more than three to four times larger than comparative values for locations closer to the inner surface. Yu et al. [25] found that tensile strength closer to the outer surface was more than two to three times larger than values reported for samples taken closer to the inner surface. When calculating the mechanical properties of the fibrous sheath alone, the ultimate tensile stress was found to range from 818.94 to 883.22 MPa, while the modulus of elasticity ranged from 53.93 to 54.96 GPa. These results were well compared with various earlier investigators. Amada et al. [1] showed that the tensile strength and modulus of fiber sheath were 610 MPa and 46 GPa with the rule of mixture, respectively. Nogata et al. [26] estimated the tensile strength and modulus of pure fiber sheath were 810 MPa and 55 GPa, respectively. The tensile properties of the inner vascular bundle and the outer vascular bundle were more or less the same and higher than that determined based on the whole vascular bundle crosssection. Compared to the former, this calculation inferred that different shapes from inner to outer sections had less impact on tensile mechanical properties. If taking considering only the area of integrated porous, the ultimate tensile stress ranged from 74.67 to 98.66 MPa, whereas their modulus of elasticity ranged from 3.61 to 6.94 GPa. These values were lower than the values calculated using the whole vascular bundle cross-section and fibrous sheath. This variation in tensile mechanical properties was most likely due to the difference in shape of the vascular bundles in the integrated porous in inner and outer sections.
In the above three algorithms, the tensile strength and modulus calculated by the whole area were closest to the actual value considering to the morphology of the vascular bundles. The values of tensile strength also agreed well with those reported by Ye [16] and Li et al. [18] , measured on mechanically isolated vascular bundles tested in tension.
But the values of elastic modulus were larger than those previously reported. This was most likely due to the fact that the tensile deformation has been directly measured for the first time in this experiment using video extensometry [27] .
Conclusions
The mechanical property of a vascular bundle is closely related to its areas. Using a confocal laser scanning microscope, we were able to measure precisely the area of the vascular bundle. Furthermore, video extensometry can capture small deformation of irregular specimens. The tensile elastic modulus and tensile strength corresponding to the entity area are close to the actual value of the vascular bundle, which are determined to be *44.67 GPa and *709.96 MPa, respectively. One considerable advantage of testing with our new technique is that it provides a welldefined reference that can be easily and precisely replicated. A further advantage of this method is that samples can maintain their natural properties. And the most notable finding from the study is that the contribution of the fibrous sheath and the integrated porous to the overall mechanical properties is different.
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